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Abstract 
The discontinuous control of the sliding mode control (SMC) law causes chattering phenomenon in system 
trajectories (the oscillation around the desired value), which results in various unwanted effects such as current 
harmonics and torque ripples. Therefore, this study aims to investigate the performance of a sliding mode speed 
controller for a three-phase induction motor (IM) controlled by a rotor flux orientation technique to obtain 
optimum performance. The study results show that the experimental control gains found in the control law have a 
clear effect on limiting chattering and the system response speed. According to the study results, a hybrid 
controller is designed based on the fuzzy logic control (FLC) approach to optimally tune these gains. The 
designed hybrid controller is verified by experimental approximation of simulations using Matlab/Simulink. The 
simulation results show that the hybrid controller reduces the chattering phenomenon and improves the system’s 
dynamic performance. 
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1. Introduction 
Induction motors (IMs) are used extensively in industrial applications and electric vehicle traction motor applications 
due to their simple structure, low maintenance, ruggedness, and durability [1-2]. In IMs, torque is obtained from the 
nonlinear function of fluxes and currents. Asynchronous motors require complex control algorithms due to their nonlinear 
structure. This difficulty can be overcome with the field-oriented control (FOC) technique, where flux and currents are easily 
separated from each other. Thus, the speed becomes linearly controllable under certain conditions, such as in separately 
excited direct current (DC) motors [3]. The two main classifications of FOC schemes are direct field-oriented control (DFOC) 
and indirect field-oriented control (IFOC), discovered by Blaschke in 1972 [4]. The DFOC method is proposed to measure or 
estimate the machine flux either by mounted flux sensors in the air gap or by sensing stator voltages; however, this technique 
is not considered accurate at low speeds [5]. On the other hand, IFOC is synthesized by properly controlling the slip 
frequency and hence provides higher accuracy over a wide speed range [6]. Therefore, the indirect scheme is preferred over 
the direct scheme [7]. Conventional proportional-integral (PI) controllers are widely used in FOC techniques [8-9]. However, 
high dynamic performance cannot be obtained from PI controllers.  
In recent studies, various nonlinear control techniques such as sliding mode control (SMC) have been proposed. The 
SMC concept emerged towards the end of the 1950s and started to spread after Utkin’s study in 1977 [10]. The SMC method, 
also known as variable structure control (VSC), is an effective control method used in the control of systems that are linear 
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and non-linear under changing parameters or external disturbing inputs. High-performance controllers are characterized by 
high dynamic performance, fast response, and high durability against changes affecting system parameters, where the sliding 
mode controller is a suitable control technique for IMs. 
The switching function in the control law provides a high dynamic response in the transient states and a good 
performance against uncertainties. However, the switching function causes chattering phenomenon in system trajectories 
(the oscillation around the desired value), which results in various undesirable effects such as current harmonics and torque 
ripples. Several advanced studies have been presented to suppress or reduce the chattering phenomenon and torque ripples. 
Instead of the signum function, the saturation function and choosing the appropriate saturation boundary for the controlled 
system are used [11-14]. In general, adding a thin boundary layer around the sliding surface can solve the chattering problem. 
However, the slope of the saturation function is a trade-off between controller performance and chattering reduction. Also, 
the stability in the layer cannot be guaranteed and insufficient selection of the boundary layer can result in an unstable 
tracking response. 
To overcome these problems, many of the studies on merging the fuzzy inference mechanism, neural networks, and 
several other algorithms such as lightning search algorithm and metaheuristics algorithm with SMC have been done to 
design a hybrid controller to realize better performance, high dynamic response, and reduced chattering problem [15-17]. 
Various studies presented in the literature are based on the hybridization of SMC and fuzzy logic control (FLC). In [18-23], 
FLC is used to adjust the switching gain value, where the big gain value increases response speed and robustness of the 
system, but the chattering in the steady-state is high. On the other hand, the small gain value reduces the response speed and 
robustness of the system, but the chattering in the steady-state is low. However, the gain value obtained directly from FLC 
output has fixed values and limited change. Also, some studies suggested the use of fuzzy supervisory system to determine 
the participation rate for each of the two controllers (SMC and FLC) according to the system state. In the transient states, the 
hybrid controller output is obtained from SMC, while the hybrid controller output is FLC output during the steady states. 
However, this method greatly increased the complexity of the controller in terms of design and practical application [24-25]. 
This study presents a sliding mode speed controller design for speed control of a three-phase IM by the FOC technique 
and the stability of the sliding mode controller verified with Lyapunov stability theory. The second step demonstrates the 
effect of the experimental control coefficient presented in the control law on the chattering phenomenon reduction and the 
system response speed. Based on the study results, the third step presents a hybrid controller scheme for speed control of a 
three-phase IM relying on a supervisory fuzzy logic controller to tune the optimum gain value of the SMC law according to 
the system condition. 
2. Mathematical Model of IM 
IM can be modelled in a d-q synchronously rotating frame. The motor behaviour is defined by appropriate selection of 

















ia a a bdi












     
                           















































  r s m r
s r
L R L R
a
L Lσ











σ −=  (8) 
The motion equation and the electromagnetic torque produced by IM are given by the relations: 
 em L
d P P F
T T
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= Φ − ⋅Φ⋅  (10) 
where P is the pole pair number of the motor; J is the total inertia of the system; F is the viscous friction coefficient; Rs and 
Rr are the stator and rotor winding resistances; Ls, Lr, and Lm are the stator, rotor, and mutual inductances; σ is the total 
leakage factor. The load torque TL is considered an external disturbance. The angular synchronous speed is given by:  
s slω ω ω= +   (11) 
where ω  and slω  are the rotor and slip angular speed. 
3. Field-Oriented Control (FOC) 
The principle of FOC consists of aligning the d axis of the revolving reference frame with the rotor flux vector , as 
illustrated in Fig. 1.  
 
Fig. 1 Phasor diagram explaining IFOC 
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Thus, the orientation condition of the rotor flux is   0 and   , and the mathematical model of IM can be 
expressed using the following equations according to this condition: 
5 3
sd
s sq rsd sd
di
a i i a bV
dt
ω φ= − + + +   (12) 
5 4
sq
s sq r sqsd
di
i a i a bV
dt
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To guarantee a correct alignment of the revolving reference frame, the flux angular position 	 is obtained to perform 
the direct and inverse Park transformations as follows:  
( )s s sldt dtθ ω ω ω= ∫ = ∫ +   (17) 
The slip angular speed can be calculated by the following equation: 









= =   (18) 
Fig. 2 shows the block diagram of the FOC algorithm using the studied sliding mode speed controller. 
 
Fig. 2 The FOC algorithm using the studied sliding mode speed controller 
4. Sliding Mode Control (SMC) 
The essential precept of SMC requires a perfect control law to create changes in the system state trajectory on phase 
planes. The objective is to control the system trajectory to slip along or toward the sliding surface. When the state trajectory 
arrives at the sliding surface, a switching control law is applied to guarantee that the system trajectory stays on the sliding 
surface. Ultimately, the trajectory slides to the origin point along the sliding surface, as shown in Fig. 3. 




Fig. 3 The reaching and sliding modes for a second-order system 
The design of SMC can be achieved in two successive steps:  
Step 1: determination of sliding surfaces 
The sliding surface is generally defined by: 










 = + − 
 
  (19) 
where x presents the state vector, xref indicates the reference state vector, n is the degree of the sliding mode, and λ is a 
constant and λ > 0. A larger λ can give a faster response. However, a great value of λ could lead to undesired overshoots. 
Step 2: control law design 
The SMC law has two components and can be expressed as follows: 
( ) ( ) ( )eq swu t u t u t= +   (20) 
The component ueq called equivalent control is obtained by setting the surface derivative to zero 
  0 and purposed to 
preserve the system state trajectory on the sliding surface which is determined by 
  0. The other constituent usw is the 
switching control (discontinuous control) which guarantees the convergence of the system state trajectory toward the sliding 
surface. The reaching state is based on Lyapunov stablility theory and is verified by 
. 
  0. 
5. Design of Sliding Mode Speed Controller 
From the mechanical equation of an IM, the following equations are obtained: 
1 1
     em L em L
d d F
T T J F T T
dt dt J J J
ω ωω ω− = + ⇒ = − −   (21) 
* *3
       
2
m
em rd sq sq
r
PL
T i K i
L
= Φ =  (22) 
where 	
∗  is the torque current command. 
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Speed error and its first and second derivative are defined as follows: 
e ω ω∗= −   (24) 




e T e Ku e
J J J J
ω= − = − − = − −ɺɺɺɺɺ ɺ ɺɺ  (26) 
where   	
∗ / and ∗ is a rotor speed reference. 
Eqs. (25) and (26) can be represented using a state equation:  
0 1 0
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The following equation can be obtained by using the sliding surface given in Eq. (19), for n = 2: 
S e eλ= +ɺ   (28) 
Equivalent control is obtained by making the sliding surface derivative equal to zero 
  0. 




S Ku e e
J J
λ= − − + =ɺ ɺ ɺ  (30) 
Then, the equivalent control ueq can be expressed as follows: 
( )1  equ J F e
K
λ= − ɺ   (31) 
Eq. (31) shows the dynamic behaviour of the system on the sliding surface. For the state variable to reach the sliding surface, 
an appropriate discontinuous control law must be used as shown in the following equation: 
( ) ;  with , 0swu Q sign S KS Q K= + >   (32) 
where Q is switching gain.  

















  (33) 
The total control equation will be as follows: 
( ) ( )1  u J F e Q sign S KS
K
λ= − + +ɺ   (34) 
Lyapunov stability theory is used to ensure the stability of the sliding mode controller. The Lyapunov function is defined as: 
21  
2
V S=   (35) 
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The system’s stability condition is   0. The derivative of Eq. (35) is: 
 V S S=ɺ ɺ   (36) 
Eq. (37) is obtained from Eqs. (30) and (34) as follows: 
( )  Q KS sign S S
J J
 = − −  
 
ɺɺ   (37) 
( ) 2 2 0Q K Q KS S S sign S S S S
J J J J
       = − − = − − <       
       
ɺɺ  (38) 
Eq. (38) shows that Q and K must be positive constants to satisfy   0 and ensure successful SMC.  
6. The Performance Study of the Designed Sliding Mode Controller 
The sliding mode controller has high dynamic performance, fast response, and high impedance to changes affecting 
system parameters. However, the main problem is the chattering phenomenon resulting from the discontinuous control law. 
The experimental control coefficients Q and K presented in the discontinuous control law are of great importance to reduce 
the chattering phenomenon, but the second term of the discontinuous control law includes the coefficient K multiplied by the 
sliding function (S) that has a large value in the transient states and a small value in the steady-state which must equal to zero 
on the sliding surface. Therefore, the switching gain Q has the greatest impact on the performance of the system and 
reduction on the chattering phenomenon. Thus, the equation expressing the discontinuous control law at variable values of 
switching gain is given as follows:    
( ) swu Q sign S KS= +ɶ   (39) 
7. Design of Hybrid Fuzzy Sliding Mode Controller 
The proposed hybrid controller is designed based on the sliding mode controller. The fuzzy logic controller is used as a 
supervisor controller to adjust the gain value according to the state of the system in both transient and steady states to 
provide a high dynamic performance of the system. The proposed hybrid controller achieves the advantages of the sliding 
mode controller and eliminates the disadvantages represented in the experimental gain values and the chattering 
phenomenon. The advantages can be summarized as follows: 
(1)  Good stability (small gain value) 
(2)  Fast transient state (large gain value) 
(3)  High durability against internal and external disturbances 
The fuzzy logic controller tunes the gain value   shown in Eq. (39). This gain has the largest influence on the system 
performance in the transient and steady states, and more importantly, on the oscillation of the state variable (speed) 
controlled on the sliding surface and around the origin point. The adaptive gain value 	is obtaining by Eq. (40) using the 
participation rate  which represents the output of FLC, where a large value Qmax is chosen (providing a high dynamic 
response to the system without drift problems in the transient states) and a small value Qmin (providing a low chattering in the 
steady-states). The inputs of the FLC are the sliding surface and the change of the sliding surface (, ∆). 
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When the values of the inputs (, ∆) are large (transient state), the value of the participation rate becomes   1, so the 
adaptive gain   is comprised of a large proportion of the gain Qmax and a small proportion of the gain Qmin, but at the small 
values of the inputs (, ∆), the participation rate will be small and in this case, the adaptive gain   is made up of a large 
proportion of Qmin and a small proportion of Qmax.  
max min. (1 )Q Q Qη η= + −ɶ   (40) 
As for the structure of the supervisory FLC, it has been designed with two inputs (, ∆) that have similar membership 
functions and one output (). The Mamdani method is chosen to calculate the output value.   (, ∆) is the membership 
functions of inputs (, ∆), which has a triangular and trapezoidal type with fuzzy sets negative (N), zero (Z), and positive (P) 
as shown in Fig. 4.  
  
Fig. 4 Fuzzy Input membership function for  and ∆ Fig. 5 Fuzzy output membership function for  
The output membership function by the Mamdani method is defined as triangular and trapezoidal type with fuzzy sets 
(zero, small, medium, and big) as shown in Fig. 5. The output of the fuzzy system is obtained by using the centroid defuzzer. 
The nine possible rules (3 × 3) can be expressed in Table 1. 





N Z B 
N B S M 
Z B Z B 
B M S B 
8. Simulation Results and Discussion 
The validity and effectiveness of the suggested controller are verified by experimental approximating by the simulation 
using Matlab. Matlab/Simulink is used to model the FOC algorithm, Park and Clarke transformation, PI controllers, the 
proposed and studied speed control algorithms, and the pulse width modulation (PWM) unit. However, to represent the power 
part (IM, voltage source converter, DC voltage source, and measurement of the three-phase motor currents), 
Matlab/SimPowerSystems is used. Fig. 6 shows the system’s overall simulation model using Matlab/Simulink and 
Matlab/SimPowerSystems. The Runge-Kutta method is used to solve differential equations. The sampling time is "		= 20  and 
the converter switching frequency is set as 5 KHz. The nominal parameters of IM are given in Table 2. PI controller gains are 
tuned using the zero-pole cancellation method. It should be noted that the anti-windup PI controllers are used as d-q axis current 
controllers to avoid system drift problems at the severe transient states. The purpose of this is to reduce the enormous increase in 
values of the voltage (	, 	) vector components due to the high response of current controllers (	, 	).  
Table 2 IM nominal parameters 
Pn = 1 KW P = 2 pairs Un = 380 V fn = 50 Hz 
Rs	=	7.2 # Ls = 0.28 H Rr = 1.35 Ω Lr = 0.075 H 
Lm = 0.118 H TL = 6 N.m J = 0.006 kg.m
2
 F = 0.0046 N.m.s 





Fig. 6 Overall simulation model 
First, the system performance is compared in terms of the chattering phenomenon and response speed when applying 
variable values of switching gain Q under various operating conditions. Positive and negative variable reference speed and also 
the nominal load disturbance torque suddenly are applied at t = 0.75s and removed at t = 3.5s. The values of the experimental 
gains included in the discontinuous control law are chosen as follows: Q1 = 5000, Q2 = 500, Q3 = 100, and K = 0.1. 
Fig. 7 shows the speed response at the chosen values of the switching gain Q. The large chattering of the rotor speed is 
observed when a large value is chosen, while the response speed is high during transient states, and conversely, for small values, 
the chattering phenomenon is significantly reduced, but the response speed is small during transient states. Fig. 8 illustrates the 
big difference in the occurring chattering in the electromagnetic torque response for the different values of switching gain Q. 
Fig. 9 presents the stator current of phase a, showing the significant distortion of the stator current at the large values of the 
switching gain Q. 
To confirm the obtained results for the proposed study, a state variable trajectory is shown in the phase plane for the three 
values of Q. Fig. 10 shows the high reaching speed of the state variable to the sliding surface (high response speed), and also 
shows the large oscillation around the sliding surface (high chattering) when the large values of switching gain Q are chosen. 
On the other hand, as the small values are chosen, the state variable takes more time to reach the sliding surface with less 
oscillation around the sliding surface.   
 
Fig. 7 Speed response  
 




Fig. 8 Electromagnetic torque response 
 
 
Fig. 9 Stator current of phase a 
 
 
Fig. 10 Phase plane trajectories 
Second, under the previous simulation operating conditions, the proposed hybrid controller with SMC is compared. For 
SMC and hybrid controller, the gains of the control law are chosen as: K = 0.1, Q  = 2500 and K = 0.1, Qmax = 5000, Qmin = 
100 respectively. Fig. 11 shows the comparison of the speed response for both the proposed hybrid controller and SMC. It 
can be seen that the hybrid controller not only maintains the high dynamic performance that is SMC characteristic, but also 
maintains the ability to reduce the chattering and eliminate the static error in steady-state simultaneously.  
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From Fig. 12, it can be noticed the big difference in the occurring chattering in the electromagnetic torque response 
between the suggested controller and SMC, and this is also given in Fig. 13, where it shows the significant reduction of 
distortion in the motor currents. Also, a state variable trajectory is shown in the phase plane for the hybrid controller and 
SMC as given in Fig. 14. It can be observed that there is small oscillation around the sliding surface and origin point (little 
chattering) for the suggested controller. 
 
Fig. 11 Speed response 
 
Fig. 12 Electromagnetic torque response 
 
Fig. 13 Stator current of phase a 




Fig. 14 Phase plane trajectories 
 
Fig. 15 Speed response for triangular reference speed 
 
Fig. 16 Speed response for sinusoidal reference speed 
The performance of the proposed hybrid controller is also studied and compared with SMC at triangular and sinusoidal 
reference speeds. Figs. 15 and 16 show the speed response at positive and negative triangular and sinusoidal reference speeds 
respectively. The high response speed and instant return of speed can be observed tracking the reference speed when the 
nominal load is applied at t = 0.75s, and the oscillation reduction in the speed response for the proposed controller can also 
be observed. From Figs. 17 and 18, the significant difference in the chattering that occurs in the electromagnetic torque 
response can be seen between the suggested controller and the SMC at positive and negative triangular and sinusoidal 
reference speeds respectively. 




Fig. 17 Electromagnetic torque response for triangular reference speed 
 
Fig. 18 Electromagnetic torque response for sinusoidal reference speed 
9. Conclusions 
In this study, firstly, a sliding mode speed controller for speed control of a three-phase IM by the rotor flux orientation 
technique was designed, and the stability of the sliding mode controller based on Lyapunov stability theory was fulfilled. 
Secondly, the influence of the switching gain of the control law on the performance of the sliding mode speed controller was 
studied. Thirdly, according to the study results, a hybrid controller based on FLC approach was designed to optimally tune 
switching gain. Detailed simulation results were presented with an experimental approximation of simulations using 
Matlab/Simulink. The results proved the superiority and efficiency of the proposed controller, as the results demonstrated 
that the proposed controller maintained the high dynamic performance, speed of response, and chattering reduction 
simultaneously. Additionally, to improve the dynamic performance and limit chattering more efficiently, the design of 
hybrid controllers can be proposed based on second-order sliding mode controllers with the fuzzy logic approach or by using 
other algorithms such as genetic algorithm and lightning search algorithm to obtain an optimal tuning to the values of the 
experimental coefficients contained in the control law. 
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